INTRODUCTION
Many studies have shown a close association between preterm small-for-gestational-age (SGA) birth and neurodevelopmental difficulties in infancy and early childhood. [1] [2] [3] [4] [5] [6] [7] [8] Studies of the neurodevelopmental outcome of full-term SGA (SGAT) infants are less common and are often difficult to interpret given problematic study designs, including the use of small, nonpopulation-based samples and failure to consider likely key confounding factors such as perinatal morbidity, race, and socioeconomic status (SES). 1, [9] [10] [11] [12] [13] [14] In addition, a minority of published studies have considered pattern of growth restriction when evaluating neurodevelopmental outcomes of infants born preterm SGA or SGAT 1,15-17 despite findings suggesting that pattern of growth restriction is likely to be indicative of early versus late gestation intrauterine growth restriction (IUGR). [18] [19] [20] [21] Results from studies that have considered pattern of growth restriction have been mixed, with similar concerns regarding small sample sizes and lack of power to control for confounds or detect differences if present.
Here we examine the association between SGAT birth and neurodevelopmental outcome at 8 months and at 4 years of age among a cohort of more than 30,000 infants who were members of the National Institute of Neurological and Communicative Disorders and Stroke (NINCDS), National Collaborative Perinatal Project (NCPP). [22] [23] [24] Many publications have used this database to explore a number of health-related and neurodevelopmental factors, 22, [25] [26] [27] [28] although none has focused specifically on the questions addressed in the present study: Were infants born SGAT at greater risk for long-term neurodevelopmental difficulty compared to their appropriately grown-for-gestational-age term (AGAT) peers from similar economic backgrounds? Was pattern of growth restriction at birth associated with different levels of neurodevelopmental functioning in infancy and early childhood among individuals born SGAT?
MATERIALS AND METHODS
Subjects included in this retrospective analysis were all members of the NCPP birth cohort, which remains the largest study of its kind conducted in the US (see Sever et al. 23 for a detailed discussion of the history and scope of the NCPP). Prior to the NCPP, most studies of pre-and perinatal risk and developmental outcomes had been retrospective and conclusions concerning patterns of risk and strengths of associations were particularly tenuous. 29 Mothers participating in the study were enrolled between January 2, 1959 and December 31, 1966 . The resulting database includes 58,760 black and white mother-infant pairs (for a complete listing of total numbers of subjects participating from each of the 12 institutions see Broman et al. 22 ). Of the original 58,760 pairs, 33,291 were included in the present analyses. These pairs met the following eligibility requirements: (1) each pair included the live birth of either a white or black infant; (2) each pregnancy resulted in a singleton birth; (3) each pair represented a mother-infant record that included infant birth weight; (4) each pair record included information on the SES of the family collected at or around the time of birth; (5) each pair record included information about the gestational age of the infant at birth; (6) perinatal information indicated full-term gestation (Z37 completed weeks); and (7) each infant could be categorized as either SGAT or full-term AGAT based on the gender-and race-specific weight for gestational age norms computed for the cohort (Appendix A). Infants born at or after 37 weeks completed gestation with birth weights for their gestational ages that fell at or below the tenth percentile were categorized as SGAT. Infants born at or after 37 weeks completed gestation with birth weights for gestational age that fell between the 25th and 90th percentile on these norms were categorized as AGAT. Infants born after 44 completed weeks of gestation or who had birth weights greater than the 90th percentile were excluded due to the potential confound of post-term gestation or large-for-gestationalage (LGA) birth on neurodevelopmental outcome.
Of the 33,291 cases included in these analyses, 12,060 (36.2%) fell into the lowest two SES groups and 21,231 (63.8%) fell in the top three SES groups using criteria employed by the census at the time of the original research. 23 For this study those in the lowest two groups were considered ''Low SES'' (roughly r100% poverty level at the time of birth) and those in the top three groups were considered ''Mid to High SES'' (roughly >100% of poverty level). The resulting birth weight and SES groupings included 1605 (4.8%) categorized as SGAT/Low SES, 10,455 (31.4%) categorized as AGAT/ Low SES, 2317 (7.0%) categorized as SGAT/Mid to High SES, and 18,914 (56.8%) were categorized as AGAT/Mid to High SES.
Proportionality of growth was determined by 'ponderal index' (PI) score, calculated as the ratio of birth weight (in g) Â 100/the cube of crown-heel birth length (in centimeters). 30 SGAT infants with a PIr2.3 were categorized as asymmetrically undergrown. In general, asymmetric undergrowth is characterized by birthweight that is less than the 10th percentile, normal length, small abdominal girth and normal head size. 31 These infants are thought to experience late gestation growth restriction and, while more physically vulnerable in the perinatal period, are thought to benefit from brain buffering late in gestation, which serves to protect the brain from damage at a cost to other systems and tissues. 20, 32 Infants with a PI score greater than 2.3 were categorized as symmetrically undergrown. Infants with symmetric undergrowth are generally abnormally short and have abnormally small heads but are not particularly thin and tend to look small but healthy at birth. 31 These infants are thought to experience growth restriction that is sustained throughout a longer time period during gestation. While allowing for better short-term outcomes with respect to perinatal functioning and survival, this sustained restriction may place a child at greater risk for long-term developmental difficulty because of in utero systemic adaptations that may continue to hinder the development of all systems, including the brain. 20, 32 Of the 1605 pairs categorized as SGAT/Low SES, 836 (52.1%) were classified as asymmetrically undergrown and 693 (43.2%) were categorized as symmetrically undergrown. Of the 2317 born SGAT/Mid to High SES, 1198 (51.7%) were categorized as asymmetrically undergrown and 991 (42.8%) were categorized as symmetrically undergrown. In all, 76 of those born SGAT/Low SES and 128 of those born SGAT/Mid to High SES were missing birth-length information and could not be categorized with respect to pattern of undergrowth. w 2 and logistic regression statistics (the odds ratio (OR) and associated 95% confidence intervals (CIs)) were used to assess within economic group differences on constitutional and socioeconomic factors where substantial within group differences might present considerable confounding with respect to neurodevelopmental outcome. SGAT versus AGAT and asymmetric-SGAT versus symmetric-SGAT within economic groupings were compared with respect to race (black or white), gender, maternal age less than 19, maternal age greater than 33 years, and single marital status. Similar methods were used to assess the appropriateness of using pattern of growth restriction as a proxy measure of perinatal risk with respect to possible asphyxia/hypoxia and general newborn status. Additional factors considered indicative of possible asphyxia/hypoxia in these analyses included true knot in umbilical cord, umbilical cord wrapped tightly around neck, slight, moderate or severe respiratory distress, primary apnea, resuscitation required within 5 minutes of birth, or administration of oxygen via positive pressure. Apgar score r6 at 5 minutes was considered indicative of poor newborn status. w 2 and logistic regression statistics were also used to assess within economic group differences between SGAT versus AGAT and symmetric-SGAT versus asymmetric-SGAT groups on the Bayley Scales of Infant Development 33 at 8 months and on the StanfordBinet Intelligence Test 34 at 4 years of age. Bayley and StanfordBinet scores were grouped according to scores typically associated with suspect to significant developmental delay or borderline to profound mental retardation (MR). The Bayley scores were translated into groups representing ''Suspect to Significant'' mental delay (Bayley mental development index (MDI) standardized score r85), ''Suspect to Significant'' psychomotor delay (Bayley psychomotor development index (PDI) standardized score r85), and ''Suspect to Significant'' combined delay (MDI and PDI r85). Stanford-Binet scores were grouped as ''borderline MR'' (intelligence quotient (IQ) 71 to 84) and mild to profound MR (IQr70).
One-way analysis of variance (ANOVA) was used to compare within-economic SGAT versus AGAT and symmetric-SGAT versus asymmetric-SGAT groups (economic group Â SGAT/AGAT and symmetric-SGAT/asymmetric-SGAT) on key growth parameters at 1-year and 4-years of age including weight in kilograms (kg), and height and head circumference in centimeters (cm). This allowed us to address ongoing debate related to the relevance of persistent smallness among preterm SGA and SGAT infants and neurodevelopmental outcome. 19,35 -37 All analyses were completed using the Statistical Analysis Software (SAS) version 6.0. 38 
RESULTS
After controlling for economic level, few differences regarding constitutional or specific socioeconomic factors were noted for SGAT compared to AGAT groups (Table 1) . Neither gender nor race was associated with a higher or lower incidence of SGAT birth in the low SES group. Males were at an increased risk for SGAT birth in the mid to high SES group but only slightly so (53.5% compared to 50.9%, w 2 (4 degrees of freedom (df), N ¼ 21,231) ¼ 5.36, p<0.05)). Only maternal age Z34 years was found to be associated with a significantly increased risk for SGAT birth among both low and mid-to-high SES groups. These differences were small (9.0% compared to 8.7% in the low SES group (w 2 (4, N ¼ 12,060) ¼ 7.25, p<0.01) and 9.8% compared to 8.8% in the mid-to-high SES group (w 2 (4, N ¼ 21,231) ¼ 11.79, p<0.001)). No significant within-economic group differences were noted for asymmetric-SGAT compared to symmetric-SGAT groups on any constitutional or socioeconomic factor included in these analyses (Table 2) except for black race which was associated with a decreased risk of symmetric-SGAT birth compared to asymmetric-SGAT birth among children born into mid-to-high SES groups (31.5% compared to 35.9%, (w 2 (4, N ¼ 2,189) ¼ 4.66, p<0.05). Data supported the validity of using asymmetric-SGAT as a proxy measure of perinatal risk with respect to possible asphyxia/hypoxia and general newborn condition F particularly among infants born low SES (Table 3 ). More than 20% of infants born low SES/ asymmetric-SGAT experienced one or more conditions suggestive of possible asphyxia/hypoxia during the perinatal period compared to 14.7% of infants born low SES/symmetric-SGAT, w 2 (4, N ¼ 1,532) ¼ 7.80, p<0.01. Infants born low SES/asymmetric SGAT were significantly more likely to receive an Apgar score that was r6 at 5 minutes after birth (7.2% compared to 4.4%, w 2 (4, N ¼ 1,406) ¼ 4.73, p<0.05) and were significantly more likely to have an abnormal heart rate at birth (r110 or Z160) (23.1% compared to 17.0%, w 2 (4, N ¼ 1449) ¼ 8.08, p<0.01). Infants born mid-tohigh SES/asymmetric-SGAT were also more likely than their symmetric-SGAT peers to have an abnormal heart rate at birth (31.9% compared to 26.8%, w
Regardless of economic background, infants born SGAT were at a considerably increased risk for neurodevelopmental difficulties at 8 months and at 4 years compared to infants born AGAT (Table 4) . More than one in five infants born low SES /SGAT (20.8%) scored in the ''Suspect to Significant'' delay range on the combined Bayley at 8 months of age compared to 12.2% of low SES infants/ AGAT, w 2 (4, N ¼ 9808) ¼ 67.95, p<0.001). Similar patterns were noted for infants born mid-to-high SES/SGAT compared to their AGAT peers (17.7% compared to 11.2%, w 2 (4, N ¼ 17,936) ¼ 67.02, p<0.001). Differences in intellectual functioning between SGAT and AGAT groups were found to persist to 4 years of age within both low and mid-to-high SES groups, although the effects appeared more robust among low SES children ( 
001).
There were few within SGAT group differences with respect to intellectual functioning at 8 months or at 4 years that appeared to be attributable to pattern of growth restriction at birth (Table 5 ).
Children born asymmetric-SGAT or symmetric-SGAT were at similarly increased risk for cognitive difficulties at 8 months and 4 years of age regardless of SES. Similar to findings within the low SES/SGAT and mid-to-high SES/SGAT groups in general, about one in five children born low SES/asymmetric-SGAT (21.1%), low SES/symmetric-SGAT (21.0%), mid-to-high SES/asymmetric-SGAT (17.2%), or mid-to-high SES/symmetric SGAT (18.4%) had a combined Bayley score in the ''suspect/significant'' delay range at 8 months. Results on the Stanford-Binet at 4 years were also similar to those observed for the low SES/SGAT and mid to high SES/SGAT groups with one exception: Children born mid to high SES/asymmetric-SGAT were more likely to have borderline MR at 4 years compared to their mid-to-high SES/symmetric-SGAT peers (7.5% compared to 4.1%, w 2 (4, N ¼ 1590) ¼ 7.92, p<0.001).
Although at 1 year infants born low SES/SGAT were slightly more likely than their AGAT peers to be diagnosed with a central nervous system defect (0.7% compared to 0.3%, w 2 (4, N ¼ 11,080) ¼ 6.25, p<0.05) these differences did not appear to greatly influence neurodevelopmental outcome at either 8 months or 4 years given the rarity of their occurrence. No significant differences in the rate of occurrence of central nervous system defects diagnosed by 1 year was observed for infants born high SES/SGAT compared to those born high SES/AGAT (0.5% compared to 0.3%, We found that SGAT infants remained significantly lighter, shorter and had smaller head circumferences than their AGAT peers at 1 year and at 4 years in both the low SES and mid-to-high SES groups. Persistent smallness was more pronounced among infants born symmetric-SGAT compared to infants born asymmetric-SGAT F particularly within the SGAT mid-to-high SES group where at 4 years infants born symmetric-SGAT were found to be significantly lighter (M ¼ 15.2 kg, SD ¼ 1.9) than children born asymmetric-SGAT (M ¼ 15.5, SD ¼ 2.2, F (1, 1406) ¼ 8.6, p<0.01) and were significantly shorter (M ¼ 98.6 cm, SD ¼ 5.5) than children born asymmetric-SGAT (M ¼ 99.4, SD ¼ 5.6, F (1, 1406) ¼ 7.8, p<0.01) ( Table 6 ). Head circumference differences between SGAT and AGAT present at 1 year of age remained significant at 4 years. Differences in head circumference between symmetric SGAT and asymmetric SGAT were only significant at 1 year in mid-to-high SES, with the differences gone by 4 years.
Significance
Compared to their AGAT peers from similar economic backgrounds, results from this study indicate that individuals born SGAT are significantly more likely to have scores on neurodevelopmental tests at 8 months and at 4 years of age that are suggestive of significant neurodevelopmental delay. These increased risks do not appear to be attributable to any of the constitutional or socioeconomic factors studied, although SGAT infants born into economic poverty appear to be especially vulnerable. These results lend support to findings by other investigators who have addressed this question with other, often smaller, cohorts. 1, 11, 13, 14, 17, 39, 40 Like other investigators, 14, 41, 42 we found an increase in the number and proportion of children born SGAT with neurodevelopmental deficits over time; however, this tendency was only evident among infants born into poorer economic circumstances. At 8 months of age we found that about one in five infants born SGAT and low SES scored in the range of mild to significant delay on tests of neurodevelopmental function. By 4 years, this number had grown to nearly one in four. The opposite pattern was observed for children born SGAT and mid-to-high SES. Although nearly one in five infants born SGAT and mid-to-high SES scored in the suspect to significant delay range on tests of neurodevelopmental function at 8 months of age, by 4 years this number had dropped to about one in 10. This pattern suggests likely differences between low and mid-to-high SES groups on other biologic, economic and/or familial factors associated with neurodevelopmental function and outcomes. For example, it is possible that differences in nutritional status, child rearing style, maternal problem solving abilities, social support networks or a myriad of other factors known to be associated with neurodevelopmental functioning differed between the groups in this study. 15, 43 Our finding that children born SGAT continued to be significantly lighter, shorter, and have smaller heads than their AGAT peers in both the low and mid-to-high SES groups are particularly relevant given the ongoing debate about the importance of postnatal head size 35, 44 and catch-up growth 36, 37 to later neurodevelopmental function. While these patterns might be interpreted as showing that continued growth restriction of SGAT infants compared to AGAT infants may, in and of itself, point to an increased risk of neurodevelopmental deficit, it is crucial to note that the increasingly greater risk observed for infants born SGAT and low SES are not explained by this persistent smallness. Although infants born SGAT remained smaller in both the low and high economic groupings, neurodevelopmental differences between children born SGAT and AGAT were much more pronounced in the low SES group. Our finding that asymmetric-SGAT and symmetric-SGAT infants were at similar neurodevelopmental risk at both 8 months and 4 years despite significant differences in weight and height at those ages among the mid-to-high SES group, also suggests that factors other than (or perhaps in addition to) persistent smallness, likely impact the neurodevelopmental trajectory of infants born SGAT. Head circumference differences were no longer significant at 4 years of age between asymmetric and symmetric SGAT in either economic group.
Pattern of growth restriction among SGAT infants at birth was not associated with differences in neurodevelopmental functioning at 8 months and at 4 years other than a small difference in risk for borderline MR at 4 years noted among asymmetric-SGAT infants compared to symmetric-SGAT infants born into mid-to-high SES groups. Asymmetric-SGAT infants were at greater risk for perinatal difficulty, supporting the findings of several other investigators. 3, 28, 45 No differences between asymmetric-and symmetric-SGAT were found in neurodevelopmental outcomes at either 8 months or 4 years, although other investigators have previously noted neurodevelopmental differences at around 7 years of age. 28, 46 These later differences may reflect more subtle effects of growth restriction on brain structures that emerge functionally after 4 years of age when abstract cognitive processing can be better assessed.
Compared to previous studies the size of this data set allowed for a clearer characterization of within and between SGAT group differences, despite the potential limitation of generalizing to present populations due to the age of the sample data. This work suggests that recognizing SGA birth, even at term, as a significant risk factor for later neurodevelopmental difficulties may have important implications for prevention and early intervention practices. Efforts aimed at reducing SGAT birth may help prevent secondary neurodevelopmental disability. Widely applied efforts aimed at reducing the incidence of SGAT birth have proven successful in many areas of the world including the United Kingdom and Sweden. [47] [48] [49] [50] [51] [52] It should also be noted that early intervention efforts with children born preterm SGA or SGAT have proven successful at reducing the occurrence of secondary medical complications and at reducing long-term developmental difficulties. Growth hormone therapy has been shown to help maximize catch-up growth among infants and children born preterm SGA or SGAT, [53] [54] [55] and zinc and iron supplements have been shown to improve nutritional status and associated patterns of growth for those born preterm SGA or SGAT. [56] [57] [58] Research also suggests that infants and children born preterm SGA or SGAT may benefit from early intervention aimed at improving maternal responsivity 59, 60 and from participation in quality daycare programs. 61, 62 Recognizing SGA birth as a significant risk factor for subsequent neurodevelopmental difficulties in term infants as well as preterm infants is an important next step in developing prevention strategies, recommendations for follow-up and provision of early intervention services.
